This study was conducted to determine by gas chromatography (GC) and mass spectrometry (MS) the identity and the quantity of volatile N products produced during the helium-purged in vivo NR assay of soybean (Glycine max [L.] Merr. cv Williams) and winged bean (Psophocarpus tetragonolobus [L.] DC. cv Lunita) leaflets. Gaseous material for identification and quantitation was collected by cryogenic trapping of volatile compounds carried in the He-purge gas stream. As opposed to an earlier report, acetaldehyde oxime production was not detected by our GC method, and acetaldehyde oxime was shown to be much more soluble in water than the compound(s) evolved from soybean leaflets. Nitric oxide (NO) and nitrous oxide (N20) were identified by GC and GC/MS as the main N products formed. NO and N20 produced from soybean leaflets were both labeled with 5N when "5N-nitrate was used in the assay medium, demonstrating that both were produced from nitrate during nitrate reduction. Other compounds co-trapped with NO and N20 were identified as air (N2, 02), C02, methanol, acetaldehyde, and ethanol. Leaves of winged bean, subjected to the purged in vivo NR assay, evolved greater quantities of NO and N20 (13.9 and 0.37 micromole per gram fresh weight per 30 minutes, respectively) than did the soybean cv Williams (1.67 and 0.09 micromole per gram fresh weight per 30 minutes, respectively). In both species NO production was dominant. In contrast, with similar assays, NO and N20 were not evolved from leaves of the nrl soybean mutant which lacks the constitutive NR enzymes. In addition to soybean cv Williams, six other Glycine sp. examined evolved significant quantities of NO(x) (NO and NO2). Other species including Neonotonia wightii (Arn.) Lackey comb. nov., Pueraria montana (Lour.) Meff., and Pueraria thunbergiana Benth. evolved lower levels of NO(,).
compound evolved was NO, but based on results with boiled leaf discs he implied that an enzymic reaction was responsible for the NO(x) evolution. Additional evidence for an enzymic reaction was provided by the isolation of a mutant soybean line (nr1) that lacked both NO(x) evolution and the constitutive NR enzymes (11, 14) .
Subsequently, other workers (10) confirmed that significant quantities of a N compound were evolved during the purged in vivo NR assay of soybean leaflets. However, using MS, UV spectroscopy, and '5N-labeled nitrate, NO was not detected. They (10) concluded that acetaldehyde oxime was the major N product evolved and that this compound was responsible for the previous results (4) which were obtained with methods that were not specific for the detection of NO. Preliminary work based on the differential water solubilities of acetaldehyde oxime and compound(s) evolved from soybean leaflets, and our inability to detect acetaldehyde oxime by GC methods as a compound evolving from soybean leaflets, led us to reevaluate the compound(s) evolved. The purposes of this study were, therefore, to: (a) reevaluate, by GC, GC/MS, and '5N techniques, the identity of the major compound evolved during the in vivo NR assay of soybean leaflets; (b) quantitate the amount of the N compound evolved; and (c) screen other species for the ability to evolve this N gas.
MATERIALS AND METHODS
Plant Material. Wild type (cv Williams) and nr1 mutant soybean seeds (Glycine max [L.] Merr.) were germinated and grown as previously described by Harper (4) for growth chamber studies, except that the quantum flux supplied by incandescent and fluorescent lamps was 350 ,E m-2 s-' (measured with an LI-185A quantum sensor,4 Lambda Instruments Co., Lincoln, NE). Seeds were germinated in sand trays and watered daily with deionized H20 until 7 DAP, followed by daily watering with a complete Hoagland nutrient solution, containing 15 mm NO3.
At 10 DAP, the unifoliolate leaves were harvested 4 h after the onset of illumination and immediately prepared for the assays. Plants used for '5N studies were germinated and grown as above except that the nutrient solution did not contain NO3-. This was done to eliminate interference by 14N-NO3-in the tissue with the '5N-NO3-supplied during the assay. NO AND N20 PRODUCTION BY SOYBEAN AND WINGED BEAN Hymowitz, Glycine canescens F. J. Herm, Glycine tabacina (Labill.) Benth., Glycine soja Sieb. and Zucc., and Glycine clandestina Wendl., were germinated and grown as described above except that the sand trays were watered with the complete nutrient solution (15 mM NO3-) beginning at 9 DAP and the plants were harvested at 13 DAP.
Seeds of winged bean (Psophocarpus tetragonolobus
Solubility of N Compound(s) Evolved from Soybean Leaflets, Acetaldehyde Oxime, and NO. To test the solubility of the N compound(s) evolved from soybean leaflets, the NO(x) assay system described by Harper (4) was modified in the following manner: after the N2 purge gas stream was bubbled (150 ml min-') through 10 ml of buffer solution containing leaf discs, it was bubbled through 20 ml of water and then through the oxidizer column and trapping solution. The solubility ofauthentic acetaldehyde oxime was tested in the same manner except that 10 mM acetaldehyde oxime replaced the nitrate and leaf discs in the buffer solution. The solubility of authentic NO was tested by injecting an aliquot of NO directly into the purge gas stream before the water trap.
GC Analysis of NO, N20, C02, and Air. Unifoliolate leaves (15 g ) of soybean, the nr, mutant, and winged bean were sliced perpendicular to the midrib into about 1 cm strips and placed into a 1 L foil-covered flask containing 500 ml of buffer (0.10 M K2HPO4-KH2PO4 [pH 7.5]; 0.05 M KNO3). The leaf strips were vacuum infiltrated twice with buffer (2 min each time). The flask and contents were attached to the all-glass system (except for the pressure gauge and sampling port which were metal) shown in Figure 1 . Helium (He) was bubbled at 350 ml min-' through the buffer solution after passing through a flow meter (Matheson 603 flow tube). The He purge gas stream then passed sequentially through trap A (held at -80C to remove the bulk of the water vapor), trap B (held at -196°C to collect the volatile N compounds), a column containing glass beads coated with sulfuric acid-dichromate solid oxidizer (preoxidizer) as described by Klepper (5) and Harper (4) , and finally through a fritted glass dispersion tube into 20 ml of trapping solution (7.5 Fig. 1) were closed to isolate trap B (preliminary work revealed that only trace amounts of NO and N20 were collected in trap A). Trap B was allowed to warm to room temperature (about 1 h) and the concurrent increase in pressure was monitored (pressure gauge, Fig. 1 ). Before withdrawing samples from trap B, syringes and needles were thoroughly purged with He. A 0.5 ml aliquot was withdrawn from the sampling port ( Fig. 1) GC Analysis of Volatile Organic Carbon Compounds. Organic carbon compounds co-trapped with NO, N20, CO2, and air in trap B during the purged in vivo NR assay of soybean leaf slices were analyzed by GC as described except that: (a) a flame ionization detector (FID) was used, (b) the column was 1.5 m long, (c) the oven was operated isothermally at 170°C, and (d) N2 at a flow rate of 35 ml min-' was the carrier gas. These operating conditions provided greater sensitivity in the detection of methanol, acetaldehyde, ethanol, and acetaldehyde oxime. The identities of peaks obtained were confirmed by GC/MS (see below) and by comparing GC retention times of unknowns with authentic standards of methanol (E. M. Industries, Inc., Gibbstown, NJ), acetaldehyde (Aldrich Chem. Co., Milwaukee, WI), ethanol (USI Chem. Co. Tuscola, IL.), and acetaldehyde oxime (Sigma Chem. Co., St. Louis, MO).
GC/MS Identification of Leaf Volatiles from Soybean. A Hewlett-Packard model 5985 GC/MS system was used to confirm the identity of the compounds evolved from soybean leaf slices and retained in trap B (Fig. 1 ) during the purged in vivo NR assay. NR assay conditions used to generate '5NO and '5N20 were as described except that 10 mM KNO3 was enriched with 86.9, 10.1, or 0.366 atom % '5N. Aliquots from trap B were injected into the GC and the effluent from the column was allowed to flow directly into the MS. The GC operating conditions and column were exactly as described above, depending on the sample of interest. The mass spectrometer was operated in the electron impact mode. The electron energy equaled 70 eV and the source temperature was 200°C.
Species NO(X) Evolution. NO(X) evolution rates during the in vivo NR assay of several legume species were tested as previously described (4), except that propanol was omitted from the NR assay buffer. Nitrite accumulation in the incubation buffer was determined as described (13 (Table II) . Attempts were not made to detect N02 by the GC method employed due to its low concentration and its high reactivity with the Poropak column used in the GC analysis separation (16) .
Chromatogram tracings using a TCD during GC analysis of volatiles collected in trap B when either winged bean, soybean, or the soybean nr, mutant were used in the assay are shown in Figure 2 . Peak number 1 is an air contaminant peak that was observed even in blank injections of He and could never be totally eliminated. Peaks 2, 3, and 4 had the exact retention times as authentic NO, C02, and N20, respectively. Quantitation of these peaks revealed that winged bean evolved greater quantities of NO than soybean (Fig. 2, A and B) , and in both species NO production was greater than N20 production (Table II) . The amount of N compounds passing through trap B and detected by the preoxidizer/Greiss-Saltzman reagents was less than 3% of the total amount of NO collected in trap B, and the amount of N02 believed to be formed from the reaction of NO +02 in trap B was less than 3% ofthe total amount of NO collected. The GC trace from the nr, mutant lacked both the NO and N20 peak (Fig. 2, C and CO).
When the FID was used in GC analysis, four additional compounds were found to be evolved from soybean leaf strips (Fig. 3) . Peaks 1, 2, and 3 had retention times that matched methanol, acetaldehyde, and ethanol standards, respectively. The identity of these peaks was confirmed by GC/MS (data not shown). The identity of peak 4 is unknown. These four peaks were not quantitated but they appeared to be evolved in only trace amounts during the assay. A peak corresponding to the acetaldehyde oxime standard was not obtained from the soybean sample (Fig. 3) . It was necessary to use two detection systems since the TCD was not sensitive enough to detect the low levels ofmethanol, acetaldehyde, and ethanol evolved during the assay, and the FID did not detect NO, N20, C02, or air.
GC/MS Identification of "5NO, '5N20, C02, and Air. The mass spectrum of peak (identified as air in Fig. 2 ) from soybean revealed an intense peak at m/z 28 and minor peaks at m/z 14, 16 , and 32 (corresponding to '4N'4N+, '4N+, 160+ and 160160+, respectively; Fig. 4 ). The mass spectrum of peak 2 (identified as NO in Fig. 2 ) from soybean when 0.366 atom % '3N-N03-was used in the assay medium (Fig. 5A) , revealed an intense peak at m/z 30 (corresponding to '4NO+) along with minor peaks at m/z 28 and 14 ('4N'4N+ and '4N+, respectively). When 10.1% '5N-NO3-was used (Fig. SB) peaks at m/z 14, 30, and 31 ('4N+ '4NO+, and "5NO+, respectively) were seen with the m/z 31 peak Figure 2 legend. NO and N20 were quantified by GC analysis using a TCD. NO2 was quantified by withdrawing a 0.5 ml aliquot from trap B, injecting it directly into the Greiss-Saltzman reagents, and measuring N02-formed. The N compound(s) passing through trap B passed through the preoxidizer and were quantified as NO2-in the Greiss-Saltzman reagents (Fig. 1 Figure 2 legend for experimental details. 7Plant Physiol. Vol. 82, 1986 sponding to '2C'6O+ and 160+, respectively; Fig. 6 ). The mass spectra of peaks (air) and 3 (CO2) did not change with the change in '"N-NO3 enrichment. The mass spectrum of peak 4 (identified as N20 in Fig. 2 ) from the same three "5N experiments when 0.366 atom % '5N-NO3-was used in the assay medium (Fig. 7A) 78, 19, and 3%, respectively. When 86.9 atom % "5N-N03-was used (Fig. 7C) , the same peaks were observed as when the 10.1%
1N03-was used except a m/z 15 peak corresponding to a 15N+ fragment replaced a m/z 14 peak corresponding to a '4N+ fragment. Using the same assumptions as above N20 derived from 86.9 atom % '5N-NO3 should theoretically contain 1.7% 14N14NO+, 22.8% 15N'4NO+, and 75.5% '5N'5NO+. The actual values obtained from Figure 7C were 4.5, 22.4, and 73.1%, respectively. Species NO(.) Evolution. Winged bean evolved the greatest quantity of NO(X) of any species tested (Table III) . All of the Glycine sp. tested, except the nr, mutant, evolved significant quantities of NO(X), while N. wightii, P. montana, and P. thunbergiana evolved low levels of NO(X). These are the only species to date that are known to evolve NO(x). At least 30 other species tested did not evolve NO(X) (SA Ryan, personal communication). DISCUSSION Significant quantities of both NO and N20 were determined by GC and GC/MS to be evolved during the purged in vivo NR assay ofsoybean leaflets (Table II) . The estimation ofthe amount of NO(x) evolved by soybean and winged bean differed when quantitation was done by GC (Table II) or the preoxidizer/ Greiss-Saltzman method (Table III) . This is expected due to differences in bubbler design, buffer volume, gas flow rate, and length of assay time which all affect the rate of NO(x) evolution. Since N20 is not detected by the preoxidizer/Greiss-Saltzman assay and no other N compounds were detected by GC, NO must be responsible for the results seen by Harper (4). These present results agree with the findings of Harper (4) and Klepper (5) that soybean leaves evolve significant quantities of NO(X). Both Klepper (5) and Harper (4) suspected that greater quantities of NO than NO2 were being evolved, which was also observed in the present study. In fact, the NO2 found in trap B was attributed to the reaction of NO with contaminating levels of 02. If NO2 itself was produced, it would be hard to imagine it being purged from the incubation buffer based on its complete solubility in water (4, 5) . Further, NO2 (bp 21.2°C) would have been predominately trapped in trap A (-80°C), and analysis of the water vapor in trap A by the Greiss-Saltzman reagents did not indicate the presence ofNO2. The '5N data confirmed the identity of NO and N20, and proved that both "5NO and '5N20 were produced from '5N-NO3 during nitrate reduction. Although acetaldehyde oxime was previously reported to be the major N compound evolved from soybean leaves during the in vivo NR assay (10) , this product was not detected by our methods. The observation that authentic acetaldehyde oxime can be removed from the purge gas stream with a water trap, whereas neither the product evolved from soybean leaf slices nor authentic NO (Table I) can be removed by a water trap, gave us a preliminary indication that the product evolved was not acetaldehyde oxime. It is unknown why a previous study using cryogenic trapping and MS analysis did not detect NO (10) . It is possible that the highly reactive NO could have combined with acetaldehyde or one of the other organic carbon compounds found in trap B, generating acetaldehyde oxime during the week long incubation period used to allow isomerization (10) . The evolution of N20 had been previously reported (10) .
With the exception of the nr, mutant, all the Glycine sp. examined evolved NO(X). The other species that evolved NO(X), Neonotonia wightii, Pueraria montana, Pueraria thunbergiana, and Psophocarpus tetragonolobus, are classified with the Glycine sp. in the same subfamily (Papilionoideae) and tribe (Phaseoleae) of the family Leguminosae (1) . N. wightii occurs in the same subtribe (Glycininae) as the Glycine sp. and was at one time classified as a Glycine sp. until given the new generic name by Lackey (7). The NO(x) evolution data (Table III) (6) . Lackey (6, 7) has suggested that a revision of the genus Pueraria is needed and that upon this revision a few Pueraria sp. may be referred to the genus Neonotonia. Winged bean (subtribe Phaseolinae) is the most distant relative of the species listed in Table  III , yet it has the highest rates of NO(x) evolution of any species tested; the significance of this is unknown.
The nr, mutant did not evolve NO(x) ( Table III) and also has lower NR activity (due to a loss of the constitutive NR enzymes) than the wild-type soybean. However, exogenous NO2-supplied to the nr, mutant still does not invoke NO(x) evolution. Therefore, the lack of substrate cannot be the cause of the loss of NO(x) evolution (1 1, 14 ). There will undoubtedly be other species found that evolve NO(x), but it is possible that these species may be restricted to the legume family since several species tested from many diverse families did not exhibit NO(x) evolution. Additional research is needed before the exact phylogenetic significance of NO(x) evolution is known.
The pathway of NO3-reduction during microbial denitrification is generally thought to be: N03-NO2--* NO --N20 --N2. However, there still remains controversy as to the role of NO and N20 as intermediates (3) . It has been shown by GC/MS that both NO and N20 are produced from a Cyt oxidase (nitrite reductase) isolated from Pseudomonas aeruginosa (17) . A Cyt c oxidase isolated from beef heart has the ability to catalyze the reduction of NO to N20 and the reversible oxidation of NO to N02- (2) . A Cyt cd from Alcaligenesfaecalis is known to catalyze the reduction of N02-to NO and the reduction of NO to N20 (8, 9) . It is interesting that the nrl mutant which does not evolve NO or N20, has decreased Cyt c reductase activity which is associated with the loss of the constitutive NR activity (12) . Whether or not the Cyt c reductase can act as a Cyt oxidase (nitrite reductase) is unknown. Recently, two forms of the constitutive NR enzyme (c1NR and c2NR) have been purified from wild-type soybean leaflets (15) and we are currently investigating ifone or both ofthe constitutive NR enzymes or another enzyme is responsible for the NO and N20 production.
